Introduction 21
Since the discovery of oil by Edwin Drake in 1859 1 the conventional oil industry has 22 developed great expertise in locating positions in the subsurface, into which oil has 23 accumulated by buoyancy, after migration away from its source rock. Within an oilfield, the 24 vertically layered fluid transition is seldom a simple Oil Water Contact (OWC), but is 25 gradational vertically downwards from a zone of mobile oil, the main pay zone (MPZ), into 26 water containing pores. This is defined as a transition zone, the thickness of which depends 27 on capillary forces, below which is the free water level (FWL) ( Figure 1A ). 28
What has not been fully understood in the North Sea and most other oil basins globally, is 29 that Residual Oil Zones (ROZ) exist where a number of natural geological conditions have 30 caused the remobilisation of oil out of a reservoir. This natural remobilisation causes the 31 OWC to rise within the oil reservoir leaving behind residually trapped oil ( Figure 1B ).
32
Although the remaining oil saturation may be similar to an oil field that has undergone 33 primary production and water-flooding, the formation of a ROZ results from natural 34 processes, not from engineered oil production. ROZ oil has not been commercially declared 35 as a reserve, because it historically has not considered recoverable. With many large oil 36 fields in established basins reaching near depletion, and a move to reduce the CO2 37 emissions of producing oil, the oil reserves and CO2 storage potential in ROZ is of economic 38 and strategic interest. 39
The concept of these zones holding recoverable reserves has to date only been applied to 40 the United States with work primarily being focussed on the Permian Basin in which oil columns can be naturally drained causing the creation of ROZ: the onset of 45 hydrodynamic flow; breached and reformed reservoir seals; regional or local basin tilt. 46
Here, we investigate how hydrodynamic flow (discussed below) in the Central Graben of 47 the North Sea basin, may lead to the creation of ROZ that can be developed with CO2 48 injection for enhanced oil recovery (CO2 EOR). 49
By reviewing literature and well logs, the Pierce Oil Field was identified to have a ROZ. By 50 further analysing well logs and building a 3D geological model of the Pierce Oil Field, we 51
show for the first time that ROZ do occur in North Sea oil fields, and have potential to 52 increase recoverable reserves by up to 20%. With evidence from North America, we 53
propose that ROZ oil can be produced by injection of CO2 as a solvent. Further injection of 54 CO2 into the oil field can more than offset the additional carbon created by producing oil 55 from the ROZ. 
61
Schematic representation of oilfield with ROZ, where the oil column has previously been thicker. Oil has been 62 removed by natural geological process, such as hydrodynamic tilting, and has left a ROZ. Although ROZ will 63 produce only water when developed under primary or secondary production, they produce oil when CO2 is 64 injected.
65

Carbon Dioxide Enhanced Oil Recovery and Residual Oil Zones in North America 66
In North America, CO2 EOR is an established technology used to produce incremental oil 67 from oil fields that have been depleted or water flooded. The injection of pure CO2 reduces 68 oil viscosity (increasing oil mobility) and increases reservoir pressure and oil volume 7-10 69 causing residually trapped oil to move towards production wells. Developed commercially 70 in the 1970s, CO2 EOR is currently utilised in over 130 oil fields in United States 11 where it is 71 primarily deployed in oil fields that have been depleted through engineered production. 72
In the Permian basin of Texas, 8 fields are currently using CO2 EOR to produce oil from the 73 ROZ, with over 6500 barrels of oil being produced per day 12,13 . The fields that are currently 74 producing from the ROZ use CO2 injection to produce from both the ROZ and the MPZ 75 above. However CO2 EOR from the ROZ are not only targeted at zones which have depleted 76
MPZs, as one of the 6 currently planned CO2 EOR ROZ developments are targeting a 77 'greenfield ROZ' where no depleted field exists above the ROZ
12
. These 'greenfield' zones, 78 the formation and history of which is explained in detail in Trentham et al. (2012) 12 , are 79 thought to have been formed when a combination of water charge and tectonic uplift, 80 which causes elevated piezometric pressure 6 , has caused large regional formations, such as 81 the San Andreas Formation, to be 'naturally water-flooded'. This water charge is believed to 82 have swept the oil in paleo-traps, leaving regional scale zones of residual oil behind 12 . 83
Although only a small number of fields are currently producing from the ROZ, the resource 84 potential for the US is estimated to be large. As summarised by Godec et Under static aquifer conditions the hydrocarbons within an oil accumulation have a flat 129 contact with the saline aquifer brine below. If the structure has been filled to spill, the 130 structural spill point will control how much hydrocarbons the trap can hold. If the structure 131 continues to be charged with migrating oil, then hydrocarbons will leak from the structural 132 spill point. However in oil fields with an underlying active aquifer, hydrodynamic flow and 133 the resultant tilting of the OWC may cause the spill point to move to one that is 134 hydrodynamically controlled. [20] [21] [22] [23] [24] When this occurs creating an asymmetric hydrocarbon 135 trap, the new spill point may be deeper than the structural spill point in the direction of 136 pressure decrease, trapping additional hydrocarbons beyond the known trap. Towards the 137 direction of aquifer inflow, the OWC will move above the structural spill point. Where this 138 OWC has retreated from the structural spill point to the new hydrodynamically controlled 139 OWC, a zone of residual oil is left ( Figure 2 ). accumulation of oil and free-gas caps within the Palaeocene Forties Sandstone Member, on 152 the flanks of two Permian Zechstein salt diapirs that are separated by a 1.5km wide 153 structural saddle. [25] [26] [27] The field is characterised by large variations in the measured OWCs 154 which were identified by both well log and pressure data in the appraisal wells that were 155 drilled in the 1970s. Across the field a general deepening trend in the OWC towards the 156 west is observed with over 300m of vertical relief between the shallowest and deepest 157
OWCs observed in the field (Figure 3 ). This equates to a dip of 90m/km. 20 
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As the ROZ is depicted by the zone between a paleo oil water contact (POWC) and a pre 196 production OWC, the POWC also had to be defined for Pierce. Although there is debate 197 within the literature, it was assumed for this study that the POWC lies at the depth of the 198 structural spill point for the trap at -3008m TVDss. 25 To create a bottom surface for the 199 deepest extent of a ROZ, the horizontal surface representing the structural spill point was 200 merged with the bottom Forties surface, for when the bottom Forties is above -3008m 201 (above the structural spill point). The top surface for the ROZ was created by merging the 202 present day pre-production OWC (where it is split by the top and bottom forties surface) 203 with the Top Forties surface. Creating these two surfaces that represent the top and 204 bottom extents of the residual zone allowed a geocellular volume to be created that could 205 be populated with core and well log data to estimate the oil in place and CO2 storage 206 capacity of the ROZ (Figure 4 ). As can be seen in 
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Log and core data from four wells (23/27-1,4,5 & 6) (See Figure. 3 evaluated and compared different methods to determine residual oil saturation estimated 249 that oil saturation predictions using resistivity logs may be slightly higher than in other 250 methods. It also must be noted that the oil saturations in a ROZ will be locally variable and 251 the estimation of oil saturation will never be without uncertainty. 252
Monte Carlo simulation of data at South Pierce 253
To estimate the total oil in place for the ROZ at South Pierce a Monte Carlo approach was 254 used using R-Studio™. For bulk rock volume, NTG and porosity random sampling between 255 the minimum and maximum range of values was used for the 20,000 iterations run. For 256 porosities a random value was sampled between the range of mean porosity from each 257
well. This was completed using a 'runif' statement to randomly sample a value between the 258 input ranges. Water saturation values were sampled from a merged dataset of all 259 minimum, mid and maximum Sw from all four wells, which equated to 2244 Sw values. No 260 well was given any sampling preference over another. Recovery factors were also estimated 261 to calculate the recoverable reserves from the ROZ at South Pierce. Given the lack of 262 experience of CO2 injection into ROZ in the North Sea, analogue recovery factor values of 5-263 25% of oil in place, were taken from the literature (see Discussion for more details).
12,16,32
264 Random sampling between these minimum and maximum recovery factors was also 265 incorporated into the Monte Carlo simulation. A summary of the ranges used are displayed 266
in Table 1 
Results and Discussion 274
As can be seen in Figure 6 , oil was present at low saturations at wells that are interpreted 275 to penetrate the ROZ. Mean oil saturation across the 4 wells is 14% (stdev 9.8%), when 276 calculated using core analysis data. Using well log resistivity data to estimate oil saturation 277 leads to a higher mean oil saturation. The mid value water saturations for the sand intervals 278 within the Forties Sandstone Member, based on the Archie water saturation method, were 279 calculated to lie between 71% and 85%, with minimum values lying between 58% and 72% 280
and maximum values lying between 80% and 94% ( Table 2 in Supplementary Information).
281
Using the same Archie water saturation method for all Sw data points in the four wells, a 282 mean value of 74% -26% oil saturation-(st dev 16%) was found. These higher and likely 283 more representative oil saturations calculated using Archies water saturation method were 284 used to calculate the oil in place for the South Pierce ROZ. estimated using a range of recovery factors of 5-25% and a formation volume factor of 1.5. CO2 demand is a 307 minimum commercial requirement, calculated using storage factor of 0.33 tCO2/bbl of oil produced. CO2 storage 308 is a maximum potential calculated using a storage factor of 0.9 tCO2/bbl of oil produced. 
310
CO2 storage at Residual Oil Zones 311
It is thought that CO2 EOR from ROZ will have similar operating parameters to CO2 EOR 312 operations that produce from conventional oil fields. 12 During the CO2 EOR process residual 313 trapping of CO2, CO2 dissolution and inefficient CO2 sweep results in large fractions of 314 injected CO2 being stored permanently in the reservoir porspace and fluids. 33,34 However a 315
proportion of the CO2 that is injected will return to the surface and be recycled. If recycled 316 CO2 is not diverted for injection in a different field it can be assumed that all CO2 injected to 317 increase recovery at a field will be stored at the end of the project (minus any CO2 lost as 318 fugitive emissions). When applied to the value of recoverable reserves detailed in Table 2 , the CO2 demand at 322 South Pierce ROZ is 2, 6 and 11 Mt of CO2 for P90, P50 and P10 respectively. These 323 estimates do not represent a maximum capacity for the zone, but only estimate the mass of 324 CO2 that is required to recover oil from the ROZ. If the storage factor of 0.9t CO2/bbl, which 325 represents CO2 storage optimised CO2 EOR where additional CO2 is injected into the aquifer 326 below 35,39 is used, higher CO2 storage estimates of 6, 15 and 31 Mt for P90, P50 and P10 327 respectively are found (Table 2 ). There are then a range of possibilities to store increasing 328 ammounts of CO2 by utilising the active aquifer in addition to the reservoir. As first defined 329 by the International Energy Agency, 39 storage of CO2 in excess of the minimum, we title CO2 330 EOR+ will require either a political and regulatory mandate, or a financial payment/fine 331 avoidance to reward CO2 stored. 332 333 334
North Sea Residual Oil Zone potential 335
We show in this study that the South Pierce Field holds potential for CO2 EOR development 336 in the ROZ. Most geological plays for conventional hydrocarbon exploration are specified 337 around a combination of age of geological strata with structure or stratigraphic layering to 338 physically trap buoyant migration within a basin. 372 highlight the effect that these high permeablilities have on gravity segregation which will 373 also be amplified by large well spacing. They do however state that this detrimental effect 374 may be combatted by drilling horizontal wells, but that attention should be paid to the 375 inter-well pressure decrease that may drop reservoir pressure below the minimum 376 miscibility pressure when horizontal wells are utilised. 377
Given these uncertainties, the broad range of recovery factors used within this study (5-378 25%) were chosen to represent the uncertainty in developing ROZ in an offshore setting in a 379 basin that has seen no CO2 EOR development. It is recommended that a more detailed 380 reservoir model and reservoir simulation would be needed to increase the confidence of 381 the reserves potential. 382
It must also be noted that while this study focusses solely on the ROZ at the Pierce field and 383 does not asses the CO2 EOR potential from the main oil column, in many cases it may be 384 best economically to develop ROZ alongside a broader CO2 EOR development. As 385 referenced in the introduction of this paper, this is the most common practice in CO2 EOR 386 projects that are producing from the ROZ in North America
12
. There, wells have been 387 extened to penetrate through the main oil column and into the ROZ and produce oil from 388 both zones. In the North Sea this would also likely be a first step for a CO2 EOR ROZ 389 development, where CO2 can be used to increase recovery rates from a well characterised 390 main oil column, with ROZ adding to recoverable reserves and CO2 storage resource as an 391 additional target. 392
A low carbon oil production solution 393
Although the reserves potential and CO2 storage potential highlighted in this study are 394 significant, the development of ROZ with CO2 EOR faces a number of non-scientific 395 challenges. 48 These include: profitability in a oil price lower than $60/bbl, or field 396 decomissioning rather than engineering a change of use and extension of life. 397
The guaranteed availability of CO2 is persistent paradox, given the IPCC's (2014) 50 strong 398 recommendations on Carbon Capture and Storage (CCS), and lack of any large scale 399 projects in Europe. 51 During the formulation of a whole-system energy and climate policy, it 400 is important to recall that other EOR options, unlike CO2 EOR, do not allow for a transition 401 towards CO2 storage. Stewart and Haszeldine (2015) , 35 showed that CO2 EOR could produce 402 oil with a carbon intensity of 0.135 tCO2/bbl of oil produced and as low as 0.06 tCO2/bbl if 403 flaring and venting of produced methane gas was reduced to a minimum of 1%. Although 404 only marginally lower than production from some conventional oil fields (0.08 UK 405 conventional production), 52 this carbon intensity is significanlty lower than other sources 406 such as Nigerian and Venezualan crude (Figure 7) . 52 For the South Pierce Field case study 407 this would mean that to produce 17 MMbbl of oil (P50 recoverable reserves), 2.3 Mt of CO2 408 equivalent would be emitted or 0.88 Mt CO2 equivalent if flaring is reduced to 1%. These 409 emissions are smaller than the 15Mt of CO2 stored (P50) in the CO2 EOR+ process. If 410 emissions from the transport, refining and final combustion of crude oil are also included 411 then an additional 7.9 Mt CO2 equivalent (CO2e) will enter the atmosphere. Therefore, as 412 seen in Figure 7 , disregarding any emissions associated with the CO2 before it is transported 413 offshore, this CO2 EOR+ process could store more CO2 than produced, with a net 6.6 Mt of 414 CO2 stored. As seen in Figure 7 , other oil production methods noted are net emitters of CO2. 415 
424
Conclusions 425
ROZ are not currently regarded as producible in the North Sea basin, so this oil is not 426 declared as a resource. We identify a commercial opportunity to create new value by 427 efficient use of existing hydrocarbon basins in an environmentally sustainable approach. 428 CO2 flooding can be both used to maximise production in mature oil fields and store large 429 volumes of CO2. We recognise the first North Sea ROZ, as a potential resource, in the Pierce 430
Oil Field, North Sea, Central Graben. Residual oil saturations at the South Pierce ROZ were 431 on average 26%, of which a significant proportion could be produced by CO2 EOR, and add 432 up to 20% to the initial oil field reserves. While this study attempts to quantify the range of 433 volumes of oil that could be produced and CO2 that could be stored from ROZ, significant 434 further research, such as detailed reservoir simulations, would be needed before any 435 project is undertaken. 436
We propose that maximum utilisation of CO2 (named CO2 EOR+) will produce low carbon 437 intensity oil and will store more carbon than is released from the production, transport, 438 refining and combustion of the produced crude. With the development of CO2 439 infrastructure, this practice can be a first step to CO2 storage development in the North Sea 440 basin. 
